The gene regulatory mechanism determining the developmental pathway of the temperate bacteriophage TP901-1 is regulated by two phage-encoded proteins, CI and MOR. Functional domains of the CI repressor were investigated by introducing linkers of 15 bp at various positions in cI and by limited proteolysis of purified CI protein. We show that insertions of five amino acids at positions in the N-terminal half of CI resulted in mutant proteins that could no longer repress transcription from the lytic promoter, P L . We confirmed that the N-terminal domain of CI contains the DNA binding site, and we showed that this part of the protein is tightly folded, whereas the central part and the C-terminal part of CI seem to contain more flexible structures. Furthermore, insertions at several different positions in the central part of the CI protein reduced the cooperative binding of CI to the operator sites and possibly altered the interaction with MOR.
The gene regulatory mechanism determining the developmental pathway of the temperate bacteriophage TP901-1 is regulated by two phage-encoded proteins, CI and MOR. Functional domains of the CI repressor were investigated by introducing linkers of 15 bp at various positions in cI and by limited proteolysis of purified CI protein. We show that insertions of five amino acids at positions in the N-terminal half of CI resulted in mutant proteins that could no longer repress transcription from the lytic promoter, P L . We confirmed that the N-terminal domain of CI contains the DNA binding site, and we showed that this part of the protein is tightly folded, whereas the central part and the C-terminal part of CI seem to contain more flexible structures. Furthermore, insertions at several different positions in the central part of the CI protein reduced the cooperative binding of CI to the operator sites and possibly altered the interaction with MOR.
Temperate bacteriophages provide a classical example for studies of the choice between two alternative modes of development. Following infection of a sensitive host, a temperate bacteriophage may choose (i) to enter the lysogenic state, in which the viral genome is silenced and integrated into the host genome to be replicated along with the host DNA when the cell divides, or (ii) to enter the lytic state, in which phage replication in the cell leads to production of new phages, cell lysis, and release of phage progeny (4, 21, 25) . The choice made by a temperate phage regarding which life cycle to enter is based on a gene regulatory system named the genetic switch (25) .
A DNA fragment obtained from the temperate lactococcal phage TP901-1 cloned into a low-copy-number plasmid was shown to exhibit bistable gene expression mimicking the lysislysogeny choice when introduced into Lactococcus lactis. The cloned DNA fragment contains the two divergently oriented early promoters P R and P L and the two promoter proximal genes cI and mor (Fig. 1A) . P L is the lytic promoter from which MOR, the modulator of repression, is the first gene to be transcribed, and P R is the promoter for CI repressor synthesis. Furthermore, three CI binding sites, O R , O L , and O D , are present on the DNA fragment, which was fused to the reporter genes lacLM in order to measure the activity of either P R or P L (22) . Following transformation of such plasmids (pMAP50 in Fig. 1D ). The open state of P L requires a large amount of MOR, which apparently counteracts CI binding to the operator sites (17) . Knockout mutations introduced in either cI or mor showed that tight repression of P R in the anti-immune state requires the presence of both MOR and CI, and hence this repression of P R was suggested to occur by binding of both proteins to the DNA ( Fig. 1D) (22) . The nature and the location of the protein complex on the DNA are unknown, but the O R site is not necessary for the repression in the anti-immune state (22) . A mathematical model built on a simplified version of the gene regulatory circuit containing an unidentified binding site for the CI:MOR complex and only one of the three CI operator sites, O L , predicted that the two proteins, CI and MOR, form a complex in solution before binding to DNA and thereby inhibit transcription from P R (19) . When P L is repressed by CI in the immune state, P R is also repressed by cooperative binding of CI at the three operator sites O R , O L , and O D (Fig. 1C) ; however, sufficient CI is produced from P R to ensure tight repression of P L . The lytic P L promoter in the TP901-1 prophage may be derepressed by activating the host SOS response with UV light or mitomycin C (17) . Since this requires the presence of a functional RecA in the host (17) and a functional MOR protein (17, 22) , it is suggested that the CI protein contains regions important for RecA and/or MOR interaction. Previous studies have shown that the TP901-1 repressor exists as a hexamer in solution, most probably a trimer of dimers, which allows it to bind cooperatively at O R , O L , and O D (23) . The N-terminal part of the protein contains a helix-turn-helix motif, and site-directed mutagenesis indicates that this motif is involved in DNA interaction, whereas deletion of the C-terminal end of the protein reduces the hexameric form to a dimer and thus the C-terminal end appears to be important for multimerization (23) . The ability of the C-terminal half of the protein to form hexamers on its own demonstrates that all the amino acids required for oligomerization are positioned in the C-terminal half of the protein (23) .
In this work we further investigated the domain structure of the CI repressor by linker insertion mutagenesis. Linkers of 15 bp were randomly introduced into the cI gene, the resulting CI mutant proteins were screened for their ability to repress the lytic P L promoter in vivo, and selected mutants were tested for (i) the ability to repress the lysogenic P R promoter and (ii) the ability to establish two different stable states in the presence of a functional mor gene. In addition, biochemical analysis of purified CI was performed using limited proteolysis to gain insights into its tertiary folding. It was shown that the Nterminal half of the protein containing the DNA binding domain was quite resistant to proteolysis, implying a tightly folded conformation, whereas the distal C-terminal part containing the oligomerization domain was sensitive to proteolysis, suggesting the presence of partially unfolded or flexible regions.
MATERIALS AND METHODS
Bacterial strains, transformation, and growth conditions. The bacterial strains used in this work are listed in Table 1 . Lactococcus lactis subsp. cremoris MG1363 (6) was propagated at 30°C in GM17 medium (M17 broth from Oxoid Limited supplemented with 0.5% glucose) (28) . Erythromycin (Erm) at 5 g/ml and chloramphenicol (Cam) at 5 g/ml were added to the medium when appropriate. MG1363 was transformed by electroporation (10) . Screening on 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) plates was performed with an X-Gal concentration of 90 g/ml. Escherichia coli was grown at 37°C with agitation in Luria-Bertani (LB) medium (26) . Bacto Agar was used at 1.5% (wt/vol) in solid media, and 150 g/ml Erm, 15 g/ml Cam, or 20 g/m kanamycin (Kan) was added to the media when appropriate. Electrocompetent E. coli was obtained by growth in LB medium to an optical density at 450 nm (OD 450 ) of 0.8 followed by washing in 10% glycerol. The cells were stored at Ϫ80°C, and DNA was transformed by electroporation (200 ⍀, 25 F, 2.0 kV).
DNA techniques. Primers were supplied by TAG Copenhagen A/S, Denmark. The GFX PCR DNA and gel band purification kit were supplied by Amersham Biosciences. T4 DNA ligase, shrimp alkaline phosphatase, restriction enzymes, and buffer systems were supplied by Fermentas Life Sciences and used as recommended by the supplier. Plasmid DNA from E. coli was isolated using the Qiagen plasmid kit. Lactococcus strains were treated with 10 mg/ml lysozyme for 20 min at 37°C prior to plasmid purification using the Qiagen plasmid kit. Cloning using the TOPO TA cloning kit (Invitrogen) was performed as recommended by the supplier (Invitrogen). DNA sequencing was performed by MWG Biotech AG, Germany.
Construction of plasmids.
The plasmids and primers used in this study are listed in Table 1 . For construction of plasmid pMAP131, primers MLN6.rev and morBamHI.rev were used to amplify mor along with cI containing an insertion of 15 base pairs. Primers MLN6.for and pAK80erm were used to amplify cI containing an insertion of 15 base pairs. Plasmid pMAP50 was used as the template. The two PCR products were purified, digested with restriction enzyme PmeI, ligated, and cloned using the TOPO TA cloning kit (Invitrogen). The insert was transferred as a HindIII-BamHI fragment to pAK80 and verified by sequencing. Plasmids pMAP132, pMAP133, pMAP140, and pMAP141, were constructed in a similar way using primers MLN8.rev and MLN8.for, MLN27.rev and MLN27.for, MLN2.rev and MLN2.for, and MLN3.rev and MLN3.for, respectively. Plasmid pMAP150 and pMAP151, expressing CI with insertions at codons 78 and 89, respectively, were constructed by amplification of the cI genes in plasmid pMAP140 and pMAP141, respectively, using primers CIBamHI and erm2BamHI. The resulting PCR products were digested with BamHI, cloned into pCI372 digested with BamHI, and verified by sequencing. In the anti-immune state, a CI:MOR complex is suggested to bind DNA and prevent transcription from P R , whereas transcription from P L is allowed. Repression of P R in this state requires the presence of both functional mor and cI genes, whereas the O R site is not required (22) . The nature of the protein complex and its location on the DNA are unknown. The head-to-head arrows represent the palindromic sequences of the CI operator sites. VOL. 192, 2010 CHARACTERIZATION OF THE PHAGE TP901-1 REPRESSOR 2103
Proteolysis of CI. Purified CI protein (23) was diluted to 1.5 mg/ml in 50 mM Tris (pH 8) and 0.2 M NaCl. Subtilisin was added to a final concentration of 4 g/ml, and samples were incubated at 37°C for 2, 5, 10, 15, 30, or 60 min before addition of 6ϫ SDS sample buffer followed by boiling for 5 min. Polypeptides were separated by SDS-PAGE (14) using 15% gels.
N-terminal sequencing. Protein samples were resolved by SDS-PAGE and blotted onto a polyvinylidene difluoride (PVDF) membrane. Following electrotransfer, the protein of interest on the blot was cut out. N-terminal sequencing was performed by Anne Blicher, Center for Systems Microbiology, Technical University of Denmark, by Edman degradation on an Applied Biosystems Procise 494 sequencer.
Mass spectrometry. Peptide samples were taken from the gel, digested with trypsin or Asp-N, and loaded on the AnchorChip target using the sample/matrix/ wash (SMW) method (29) . Mass spectrometry was kindly performed by Birgit Andersen, Center for Systems Microbiology, Technical University of Denmark.
GPS-LS mutagenesis and selection of transformants. GPS-LS reactions were performed according to the manufacturer's recommendations (New England Biolabs) using 0.08 g of pAJ80 (Fig. 1B) . Following in vitro mutagenesis, plasmid pAJ80 was transformed into E. coli DH5␣ (Stratagene), and plasmids containing the 1.7-kbp transprimer were selected on LB plates containing 15 g/ml Cam and 20 g/ml Kan. Colonies originating from eight independent transformations were pooled, and plasmid was extracted from each of the eight independent pools. The purified plasmid DNA was transformed into AJ189 containing pAJ149 (P L -lacLM) (Fig. 1B ) (13), and bacteria which did not express CI proteins able to repress transcription from P L were selected as blue colonies on GM17 plates containing X-Gal. In general, approximately 50% blue colonies were observed. Thirty-nine colonies were randomly chosen for plasmid purification. Plasmids were transformed into E. coli DH5␣ and new plasmid preparations made. The inserted 1.7-kbp transposon was removed from the purified plasmids by restriction with enzyme PmeI followed by ligation, leaving a 15-basepair linker inserted in the plasmid. Plasmids lacking the kanamycin marker gene and hence the 1.7-kbp transposon were purified, and the cI gene, including the upstream region, was sequenced. The phenotypes of the plasmids were determined by transformation into the lactococcal strain AJ189 containing plasmid pAJ149 (P L -lacLM) (Fig. 1B) . Selected plasmids were also transformed into strain AJ218 containing the plasmid pAJ155 (P R -lacLM) (Fig. 1B) .
Enzyme assays. ␤-Galactosidase activity was determined by permeabilizing cells with sodium dodecyl sulfate (0.1%) and chloroform, and the assay was performed as described previously (18) . The specific activities are reported in Miller units [A 420 /(min ⅐ ml ⅐ A 600 )]. The activities listed in Table 2 are average values determined from at least three independent experiments.
Induction by mitomycin C. Induction with mitomycin C was performed mainly as described previously (17) . Bacteria were grown exponentially in GM17 liquid medium containing 5 g/ml Erm and then diluted to an OD 600 of 0.05 and grown to an OD 600 of 0.3 before the cell culture was divided in two. Mitomycin C was added to a final concentration of 2.5 g/ml to one of the cultures, while the other served as a control. Samples were removed at different time points, harvested, and analyzed by Western blotting using CI-specific antibodies. The total amount 
a Numbers indicate nucleotide positions in the TP901-1 genome.
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of protein was determined by measuring the OD 280 , and the same amount of total protein was loaded in each lane on the gel. Western blotting. Cell cultures were grown exponentially to an OD 600 of 0.5. Twenty milliliters of culture was harvested, and the cell pellet was washed in phosphate-buffered saline (PBS), pH 7.4. The cell pellet was resuspended in 0.5 ml PBS, 200 l glass beads (Sigma) was added, and the cells were lysed using the FastPrep FP120 at speed 4 three times for 30 s. Samples were centrifuged at 17,000 ϫ g for 10 min at 4°C, and the supernatant was transferred to new Eppendorf tubes. The protein concentration was determined by measuring the OD 280 (1 OD 280 unit ϭ 1 mg/ml). Generally, samples containing 150 g protein were prepared for analysis by SDS-PAGE (14) using 15% gels. Following separation, the proteins were transferred to Hybond P (PVDF) membranes (GE Healthcare Life Sciences) by electroblotting using a semidry blotter (Bio-Rad) or by wet transfer. Western blotting was performed using the RPN5783 Western blotting reagent packet (GE Healthcare Life Sciences). Polyclonal antibodies against CI were made at the Department for Biochemistry and Nutrition, Technical University of Denmark, by immunization of a rabbit with purified CI extract from AJ157 (12) . Antibodies against CI were diluted 25,000-fold for use in the Western blot assay. The primary antibodies were detected using an anti-rabbit secondary antibody conjugated with alkaline phosphatase (GE Healthcare Life Sciences RPN5783), the blots were scanned using a Storm 860 imager, and the relative amount of CI was estimated using the ImageQuant TL software (Amersham Biosciences).
Incubation of CI at alkaline pH. CI was purified as described previously (13) . The CI protein was diluted in buffer to final concentrations of 100 mM Tris (pH 7.5), 100 mM Tris (pH 8), 100 mM Tris (pH 8.8), or 100 mM glycine-NaOH (pH 9.5) with 10 mM CaCl 2 and 100 mM NaCl. Samples were incubated at 30°C for 1 h and 15 h before being analyzed by SDS-PAGE (14) .
RESULTS

Limited proteolysis identifies a tightly folded N-terminal domain in CI.
Limited proteolysis of a polypeptide chain with proteases exhibiting broad substrate specificity can be used to identify sites or regions characterized by high flexibility or local unfolding (5, 11) . To identify such flexible regions of the protein, purified CI protein was digested with the protease subtilisin, and the resulting peptides were resolved by SDS-PAGE (Fig. 2) . The intact CI polypeptide with a molecular mass of 21 kDa was readily cleaved to a metastable product with a molecular mass of 18 kDa, which was subsequently digested to polypeptides of approximately 16, 15, 12, and 9 kDa. For precise localization of the proteolytically susceptible regions in CI, the intact protein and its fragments were subjected to N-terminal sequencing and mass spectrometry. The minimal molecular masses of the five peptide bands were calculated as 17, 15, 15, 14, and 7 kDa, respectively (Fig. 2) , based on the sequences identified by mass spectrometry. N-terminal sequencing of the polypeptides identified that the first five residues of CI, MKTDT, were retained in all the polypeptides, indicating that proteolysis must occur in the C-terminal region of CI. The digestion pattern shows that the C terminus of CI is rapidly degraded, since full-length CI is no longer observed following 10 minutes of incubation with the protease. CI-A is formed first and then CI-B, which seems to be quite stable for more than 30 min and is still present after 60 min (Fig. 2A ). These results demonstrate chain flexibility in the C-terminal part of CI, which includes the domain responsible for hexamer formation from intact dimers (23) . A rather short peptide formed early, CI-E, shows that CI also has a flexible region downstream of amino acid 64. This fragment was also clearly seen after 60 min, implying a tightly folded conformation of the N-terminal region, the domain responsible for DNA binding.
Identification of functional domains in CI using linker insertion mutagenesis. A genetic analysis of the domain structure of the cI gene product was performed using the GPS-LS linker scanning system (3, 7) . cI mutants in which a 15-base pair linker was inserted randomly into the gene were constructed. Insertion of five additional amino acids in a surface loop with no specific target function, in a connector region, or in a relatively unstructured region is expected to have a minor effect on the function of the protein, whereas insertion within tightly folded regions with secondary structures or functionally important loops should have a greater effect (1, 2, 9) . In this study we tested the ability of the mutated cI genes to produce proteins able to repress transcription from P L in vivo. First we mutagenized in vitro the plasmid pAJ80 containing the lysogenic P R promoter, the promoter proximal gene, cI, O R , and part of the O L site (Fig. 1B) . Insertion of the 1.7-kb Tn7-based transposon within the P R promoter or cI was expected to abolish CI repression. Such mutants were identified by introduction of the mutagenized plasmids into lactococcal cells containing the reporter plasmid pAJ149 carrying the two CI operator sites, O R and O L , and the lytic P L promoter fused to the reporter genes lacLM (Fig. 1B) (13) . Insertions that affected the ability of CI to repress transcription from P L were selected and the transposon removed, leaving a 15-bp insertion in the plasmid. The position of the inserted sequence was identified by sequencing (Table 2) , and the ability of the resulting CI on August 15, 2017 by guest http://jb.asm.org/ mutant protein to repress P L was tested. In 11 of the plasmids, the inserted linker introduced a TAA translational stop codon in cI, resulting in truncated versions of CI. All of these truncated CI proteins were shorter than the ⌬58CI protein of 122 amino acids known to express a nonfunctional repressor protein in vivo (23) , and hence these CI mutant proteins were not studied further. Fifteen different linker insertion positions in cI were obtained from a total of 19 plasmids. In addition to these 15 cI mutants, we introduced 15 bp at codon 78 or 89 in cI within the pAJ80 plasmid using site-specific mutagenesis. The P L -directed ␤-galactosidase activity was determined for each of the mutant repressors (Table 2 ). In the absence of CI, 1,023 Ϯ 38 Miller units of ␤-galactosidase was produced, while wildtype CI repressed P L more than 1,000-fold (1.0 Ϯ 0.3 units).
The positions of the inserted linkers in CI are illustrated in Fig.  3 . Seven plasmids, containing insertions in the 5Ј-terminal half of cI at codon 3, 11, 14, 15, 20, 41 or 75, expressed CI proteins that were unable to repress P L (Table 2) or repressed it maximally 7-fold (insert at codon 3), compared with the 1,000-fold repression by the wild-type pAJ80 plasmid. This supports the data obtained from previous mutant studies, which show that the N-terminal part contains the DNA binding domain (23) .
To confirm that CI mutant proteins were present in the cells and not degraded due to incorrect folding of the protein, Western blot analyses were performed using specific antibodies against CI. The expression levels of repressor proteins having five amino acids inserted in the N-terminal part of the protein at codon 3 or 6 showed CI levels comparable to those of the wild-type protein, whereas insertion at codon 11, 14, 15, 20, 41, or 75 caused more than a 10-fold elevation compared to wild-type CI (Fig. 4A) . Thus, the inability of the CI mutants to repress P L was not due to lack of repressor protein. Furthermore, the increased levels of these CI mutant proteins verified that expression of CI from P R in plasmid pAJ80 is autoregulated by CI even though this plasmid contains only the O R site and part of the O L site. In contrast to the dramatic effect of linker insertions near the N terminus, insertions in the middle of CI at codon 98, 101, 113, 120, 121, 122, or 135 had only minor effects on CI levels ( Fig. 4B ) (less than 2-fold variation), and all of these modified CI proteins were able to repress P L in vivo.
Repression of P R in vivo occurs by binding of CI at O R facilitated by cooperative binding at O L and/or O D (22) . To test if the CI mutant proteins were able to bind cooperatively to two operator sites, we expressed the mutant proteins in a (Fig. 1B) , which holds the two CI operator sites, O R and O L , and the divergently oriented promoters, P R and P L , with P R fused to the reporter genes lacLM. Plasmids expressing CI101, CI113, CI120, or CI121 repressed P R less efficiently than the wild-type CI ( Table 2) . Repression of P R requires cooperative binding of CI at O R and O L , since CI does not bind at O R on its own (13, 22) . Furthermore, since repression of P L by these mutant proteins is as efficient as that by wild-type CI, it may be concluded that the inability of the mutant proteins to repress P R to the same level as wild-type CI is not caused by reduced binding of these proteins at O L , which indicates that the dimer-dimer interaction is affected in these mutant proteins. Note that the screening method used did not identify transposons inserted in the C-terminal quarter of the CI protein, as insertions in this region apparently produce functional proteins (23) . P L repression by CI78, CI89, CI98, CI120, and CI135 in the presence of MOR. The MOR protein encoded by phage TP901-1 functions as a modulator of repression by inhibiting CI repression of the lytic P L promoter, possibly by interacting with CI (13, 23) . In order to examine if the region between the DNA binding domain and the oligomerization domain needed for hexamer formation in CI is involved in interaction with MOR, 15-bp linkers were introduced in cI at codon 78, 89, 98, 120, or 135, in a DNA segment also containing the two divergent promoters P R and P L , the promoter proximal gene mor, and the three CI operator sites O R , O L , and O D .
When the wild-type construct, pMAP50 (Fig. 1B) , was transformed into the lactococcal host, two different stable states were obtained; i.e., in some clones the lytic P L promoter was open, and in other clones P L was repressed. Of 1,887 transformants, 23 (approximately 1%) contained the lytic promoter in the repressed state. If mor is knocked out in pMAP50, the plasmid no longer exhibits bistability when introduced into Lactococcus. Only one stable state is observed, namely, the repressed state, since CI now always represses P L CI (22) . In the case of the mutant CI proteins, bistability is lost when five amino acids are introduced at position 78, 89, or 120 in CI in the presence of a functional mor gene, since P L is always found in the open state (more than 5,000 colony transformants were screened). These results show that in the presence of MOR, the mutant CI proteins are no longer able to establish repression of P L , even though they are able to repress P L in the absence of MOR ( Table 2 ). The levels of CI78, CI89, and CI120 protein were shown by Western blot analysis to be higher than the wild-type CI level in cells where P L is in the open state (Fig. 4B) and slightly lower than the CI level in cells where P L is repressed (Fig. 4B) . This shows that although repression of P L by CI78, CI89, or CI120 is lost in the presence of MOR, CI protein is still present in the cells and P R is considerably repressed, presumably by the CI:MOR complex.
When five amino acids were inserted at codon 98 or 135 in cI and expressed in the presence of a functional mor gene, both the open and the repressed states of P L were obtained. The frequency of finding P L in the repressed state was 1% when using these plasmids, which is comparable to the frequency obtained when using the wild-type construct. This frequency of obtaining P L in the repressed state was also observed in previous studies (22) . Repression of P L by wild-type CI in the presence of functional mor and recA genes may be released by activating the host SOS response, for instance, by treating the host cells with mitomycin C (17) . However, repression of P L by CI98 or CI135 could not be relieved following treatment of the cells with mitomycin C (data not shown). The lack of P L induction was apparently not caused by elevated levels of CI98 or CI120 in the cells (Fig. 4B) .
In order to examine if wild-type CI is cleaved following activation of the host SOS response and released from the DNA, allowing transcription from P L , the lactococcal host cells containing the genetic switch of phage TP901-1 holding P L in the repressed state were treated with mitomycin C. Protein samples were analyzed by Western blotting before and after addition of mitomycin C using CI-specific anti-bodies (Fig.  5A) . No cleavage products were observed following P L induction. Furthermore, to determine if CI may be autocleaved at alkaline pH as is the case for CI encoded by phage lambda (15), purified CI was incubated at 30°C at pH 7.5, 8, 8.8, or 9.5 for 1h and 15 h and analyzed by SDS-PAGE (Fig. 5B) . No cleavage products of CI were observed following incubation at alkaline pH in vitro. The possibility still remains that the cleavage product may be quickly degraded or that only a small fraction of CI is cleaved in vivo and in vitro and therefore not detected, but the results suggest that the inactivation of CI by the SOS response may occur by a mechanism different from that of phage lambda.
DISCUSSION
The phage-encoded repressor protein is a key player in determining the life cycle of a temperate phage following infection of a sensitive host. In the temperate lactococcal phage TP901-1, the repressor protein, CI, represses transcription from both the lytic and the lysogenic promoters by binding to multiple operator sites on the phage DNA. Mutations in the helix-turn-helix DNA binding motif located in the N-terminal part of CI were shown to destroy DNA binding (23) . In this study, we show that the DNA binding N-terminal part of CI is , cI3, cI6, cI11, cI14, cI15, cI20, cI41, cI75, cI98, cI101, cI113, cI120 , cI121, cI122, or cI135 from the lysogenic promoter, P R , cloned in the pCI372 plasmid. Cells containing plasmid pCI372 without a cI insert was used as a negative control. The relative amount of CI was estimated using the ImageQuant TL software. The C-terminal part of CI is required for oligomerization of the protein, and the C-terminal half was previously shown to contain all the amino acids required for oligomerization (amino acids 92 to 180) (23) . In this work, we show that amino acids 121 to 180 in the C-terminal part of CI are accessible for proteases, which strongly suggests that parts of the peptide chain in this region of the protein are flexible and not tightly folded. This applies in particular for the region distal to amino acid 146. Although nine mutant proteins containing insertions in the central region of CI were able to repress transcription from the lytic P L promoter, none of these mutants functioned like the wild type. In four mutants the insertion of additional amino acids between positions 101 and 121 reduced the ability of the CI protein to repress the lysogenic P R promoter, suggesting that this region is important for efficient oligomerization of the protein (dimer to hexamer) or that the additional amino acids affect the dimer-to-hexamer formation at a distance. Sequence alignments showed that this region was highly conserved in a number of repressor proteins encoded by phages infecting Gram-positive bacteria (Fig. 6 ), supporting the notion that this region may be of general importance for the structure of CI and/or for interaction with host-or phageencoded proteins conserved among the species.
Insertion of additional amino acids at position 98 or 135 in CI showed wild-type phenotypes repressing transcription from both the lytic and lysogenic promoters. Also, in the presence of a functional mor gene, a wild-type phenotype was observed, since two stable states of P L (repressed or open) were obtained. However, P L repressed by CI98 or CI135 in the presence of a functional mor gene could not be derepressed when activating the host SOS response as is the case when P L is FIG. 5 . No cleavage product of CI is observed in vivo following P L induction or following incubation at alkaline pH in vitro. (A) In vivo induction of the repressed P L promoter analyzed by Western blotting using CI-specific antibodies. The cloned bistable switch from phage TP901-1 carrying P L in the repressed state was treated with mitomycin C, which activates the host SOS response, thereby allowing increased transcription from P L . Lane 1, protein sample from the host strain Lactococcus lactis subsp. cremoris MG1363 without the genetic switch from phage TP901-1. Lanes 2 and 3, protein samples collected at 10 and 2 min, respectively, before treatment with mitomycin C. At time zero the culture was divided into two, and one of the cultures was treated with mitomycin C. Lanes 4 and 5, are protein samples collected at 15 and 60 min, respectively, after time zero (no mitomycin C was added). Lanes 6 and 7, protein samples collected 15 and 60 min, respectively, after addition of mitomycin C. repressed by wild-type CI. The inability to induce P L following activation of the host SOS response could not be explained by elevated levels of CI (Fig. 4B) , suggesting that the introduced amino acids could (i) alter regions required for interaction with RecA or (ii) alter the oligomeric form of the repressor, which could be important for the induction process. The TP901-1 repressor protein does not contain an Ala-Gly cleavage site or any other signature sequence known to be involved in autocleavage and RecA interaction (15, 27) . Furthermore, no cleavage products of CI were observed in vitro following incubation at alkaline pH or following P L induction in vivo (Fig. 5A and B), suggesting that induction of the lytic promoter in phage TP901-1 occurs by a mechanism different from that of phage lambda, but may use a mechanism somewhat similar to the switch of Vibrio cholerae phage CTX⌽, where the lysogenic promoter also is controlled by two DNA binding proteins, the phage-encoded RstR and the host-encoded SOS response regulator LexA (20) . However, is should be noted that no lexA homologue is found in the genome sequence of the Lactococcus lactis MG1363 strain used in our studies. Two CI mutants with insertions at position 78 or 89 repressed both the lytic and the lysogenic promoters as efficiently as wild-type CI. However, in the presence of a functional mor gene, only the open state of P L was obtained, showing that the lytic promoter is not repressed by CI78 or CI89 in the presence of MOR. This phenotype might be due to a stronger interaction between MOR and the mutant CI proteins, thereby preventing sufficient CI accumulation to repress P L after transformation. Western blot analysis shows that the open state of P L is not a result of a lack of CI protein in the cell (Fig. 4C) . Furthermore, the levels of CI78 and CI89 observed were comparable to those found in the immune state where P R (and P L ) is repressed by wild-type CI alone (Fig. 4C) . A change in the oligomeric state or the strength of the subunit-subunit interaction of CI probably also is important for the interaction with MOR. Although repression of P R by CI78 and CI89 seems to be like that for the wild-type protein, repression of P R by CI120 is not as efficient as for the wild-type CI protein. A change in the oligomeric state of CI120 might therefore explain the defect in repression of P L in the presence of MOR. All temperate phages encoding MOR homologues also encode a CI protein containing a conserved patch (amino acids 53 to 78) (Fig. 6) , a patch which is not conserved in CI proteins from phages that do not encode a MOR homologue protein. This finding supports the possibility that this region is involved in interaction with MOR. Five-amino-acid insertions at position 79 or 89 may thus interfere with the MOR interaction.
To summarize, the conformational designs of the repressor proteins encoded by phages TP901-1 and -186 have previously been reported to be similar in shape, with both forming flat circular molecules (23, 24) . However, the conformation of the monomeric subunits may be different, since the 186 repressor has a stably folded C-terminal region and an N-terminal region which is sensitive to proteases. This is in clear contrast to the data presented here for the TP901-1 repressor. We showed that the N-terminal domain of CI is stably folded except for a region downstream of amino acid 64, whereas the very C-terminal region is much more susceptible to proteolysis and hence contains sites with flexible peptide backbones. In the C-terminal half, insertion of amino acids without loss of repressor function of the dimer form of CI is allowed, suggesting a more flexible structure. The region located between amino acids 138 and 180 was previously shown to be needed for dimer-hexamer formation. Here, we show that the region between amino acids 101 and 121 is also important for oligomerization of the protein.
We show that positions 98 and 135 in CI are important for derepression of P L following activation of the SOS response, possibly due to interaction with RecA, and that positions 78 and 89 may be important for interaction with MOR.
